measured at 1 MAC sevoflurane appeared to be strongly related to the age of children.
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Introduction:
The correlation between the Bispectral Index Scale (BIS) values obtained from the Aspect™ device and end-tidal concentrations of sevoflurane has been reported in only a few studies in children [1] [2] [3] . In the majority of these studies, a wide range of BIS values has been reported for each level of end-tidal concentration of sevoflurane. Given that, to our knowledge, only adult data was used by Aspect™ to derive the BIS index, it is possible that the wide range of BIS values found in children for each level of end-tidal concentration of anesthetic agent could be due to a physiological difference between the EEG of the adult and that of the child.
The algorithms of Aspect™ are confidential for commercial reasons, and this makes it difficult for clinicians or those involved in research to interpret and explain the scatter of BIS values reported in children. However, in contrast to the BIS, the bispectrum values of the EEG can easily be estimated with various signal processing methods. The result of this calculation is a matrix of quantitative variables corresponding to the power of various couplings of frequencies. All parameters constituting this matrix are well known and can be used to perform various static or dynamic analyses during anesthesia.
The aim of this study was to evaluate the potential relationship between the age of children and the values of the bispectrum of the EEG and of the BIS (Aspect™) during anesthesia with sevoflurane, and highlight any consequent implications regarding the use of BIS in children.
Patients and Methods:
100 children who required elective surgery were studied following approval by the Human Studies Committee and after informed parental consent was obtained. Inclusion criteria were ASA PS I, age 6-180 months, and consent for inhalation induction of anesthesia. Exclusion 4 criteria included neurologic disease and any centrally acting agents. Patients were not premedicated. Anesthesia was induced with sevoflurane at 8% (inspired) in oxygen, without nitrous oxide and intravenous access gained. Spontaneous respiration continued until endotracheal intubation was possible without the use of muscle relaxants. The children were then ventilated. Anesthetic gas and carbon dioxide concentrations were measured continuously in order to maintain normocapnia.
After intubation, expired Sevoflurane concentration was stabilized at 2 MAC (age corrected) [4] and maintained during 4 minutes for all children. EEG leads (3M Red Dot Silver/Silver Chloride model 2269T) were placed as close as possible to the pediatric BIS lead placement (Aspect). Recording was then started (T0) and sevoflurane concentration was decreased to 1 MAC corrected for age [4] . Recording was performed continuously for 10 mins until stabilization of end-tidal concentration (T10) [4] . After this first phase of stabilization at 1 MAC, for a sub-group of 29 children, sevoflurane concentration was then secondarily decreased from 1 MAC to 0.5 MAC (age-corrected) and recording continued for another 10 minutes until stabilization of end-tidal concentration at 0.5 MAC (T20).
ECG and EEG were recorded continuously and sampled at 400 Hz (PowerLab™).
Independently, Bispectral Index Scale (BIS; Aspect XP™) was recorded every minute.
Systolic blood pressure (SBP) was measured every minute using an automated blood pressure cuff. The heart rate (HR) was obtained from the measurement of ECG cardiac cycle lengths (R-R interval). All recordings were performed before surgery and without stimulation. EEG was high-pass filtered, and the power spectrum and the bispectrum of the EEG were estimated on successive epochs of 20 seconds using MATLAB© software (The Mathworks Inc, Natick, USA) and Matlab function from the Higher Order Signal Analysis toolbox (bispecd.m with frequency smoothing using 11 as the length of the side of the square of the optimal Rao-Garb 5 window and a frequency resolution about 0.78 Hz). For analysis the resulting matrix of the bispectrum was divided into 36 blocks of frequencies of coupling (P i ), and denoted by MatBis (Figure 1 ). An individual value for each of the 36 4Hz-by-4Hz blocks was derived, this corresponding to the mean of the bispectrum for each block. Thus, each child is represented by 36 descriptors evolving over the time of recording.
Firstly, a multiple correspondence analysis (MCA) was used to establish an underlying structure of the pattern of each individual's EEG bispectrum (MatBis) [5, 6] . For this purpose, the EEG acquired during the last epoch of the stabilization phase (T10) was used. Thus, positions of children on the structured model of the MCA are related to the values of their MatBis derived at the steady state at 1 MAC of sevoflurane (see appendix for further explanation). To explore the relationships between a child's clinical variables and those resulting from their EEG bispectrum, the distribution of the considered variables (age, weight
and BIS recorded at 1 MAC) were determined in the structured model of the MCA (again for more details, see appendix) [7] . Any correlation between clinical variables and children's coordinates on the two most dominant axes (F1 and F2) of the MCA model were evaluated by means of a Spearman test.
Secondly, the clustering of children into homogeneous groups was conducted by means of an hierarchical ascending classification (HAC) (see appendix for details) [8] . Comparison of the clinical characteristics of each group of children obtained by the HAC at 1 MAC of sevoflurane was performed with a Mann-Whitney test.
In order to explore the effect of change in sevoflurane concentration on the EEG bispectrum, the change in position in the structured model of the MCA during the decrease of sevoflurane 6 concentration was analyzed for a sub-group of 29 children. This change in position within the structured model of MCA was determined by changes in the MatBis (i.e. EEG bispectrum) during the decrease from 2 MAC to 0.5 MAC sevoflurane.
A Kruskal Wallis test was conducted to investigate the effect of decrease in sevoflurane on various parameters. A Wilcoxon test was used to establish significant changes in parameters at various points during the decrease in sevoflurane. A probability value less than 0.05 was considered significant. All statistical analyses were performed with the BI© LOGINSERM 1979/1987 software.
Results
In the whole population studied (n=100), median (range) of age and weight were 50 months (6-180) and 18 kg (10-55) respectively. In the sub-group 29 children for which sevoflurane was decreased from 2 MAC to 0.5 MAC, age and weight were 55 months (15-180) and 17 kg 
Discussion
The EEG bispectrum as well as the BIS (Aspect XP™) measured at 1 MAC sevoflurane appears to be strongly related to both the age and weight of children. This relationship could explain in part the large range of BIS values found in children at 1 MAC sevoflurane. sevoflurane [2] . In another prospective study, Degoute et al. compared BIS values recorded in both children and adults at various specific periods during sevoflurane anesthesia [3] . The age of children ranged from 3.5 to 13 years. At the time of both loss of movement and skin incision, the standard deviation of BIS values found in adults was approximately half of that found in children. The results of these studies are similar to our findings. Indeed, a large scatter of BIS values was found in our children at the steady state at 1 MAC of sevoflurane.
For the whole population of 100 children, the BIS values ranged from 20 to 74.
Thus at this time, it appears uncertain that BIS can accurately determine the depth of anesthesia in children at 1 MAC sevoflurane. However, we can explain the large range of BIS values found in children by the effect of age on the EEG. Using a MCA model derived from the MatBis of 100 children at the steady state of 1 MAC sevoflurane, we have found that age is linked to certain frequencies of coupling of the EEG bispectrum -axis F1 of the MCA (Figures 4, 3 and table 1, see appendix) . Furthermore, BIS values were also correlated (inversely) to this axis ( Figure 4 and Table 1 ). The fact that both the BIS and age were linked to the same axis of a model derived only from the bispectrum of the EEG suggests that one of the components of the BIS, which makes it age dependent in children, is the EEG bispectrum itself.
By comparing groups of children obtained through the hierarchical ascending classification (obtained by finding similarities in the patterns of all the individual EEG bispectra) we were able to confirm statistically that the MatBis calculated in children at 1 MAC sevoflurane was dependent on age (Table 2) .
During the decrease in sevoflurane concentration in the sub-group of 29 children, as a result of the change in each child's EEG bispectrum, children moved mainly along axis F2 of our MCA model (Figures 5 and 6 ). It was only at less than 1 MAC sevoflurane that we saw any change in position along axis F1. This result appeared surprising, knowing that BIS was mainly linked to axis F1 of the MCA model, and suggests that the BIS values are not always related to change in sevoflurane concentration in children, i.e. depth of anesthesia (Table 1) In adults, the relationship between the concentration of inhalational anesthetic agent and BIS value is well described by sigmoid curves [10] . Theoretically, these curves help us understand why BIS monitoring cannot accurately determine depth of anesthesia for high concentrations of anesthetics. Our results show that the algorithms that determine the BIS index could themselves be the determinant of the shape of these sigmoid curves. In our study, using all 36 frequencies of coupling of the EEG bispectrum (MatBis) we were able to distinguish changes induced by the decrease of sevoflurane from 2 MAC to 1 MAC by the change in position of children along axis F2 of the MCA model ( Figure 6 ). The BIS monitor failed in this respect ( Figure 2 ). We suggest that if an additional frequency of coupling were added to the BIS algorithm, this could improve the accuracy of BIS at deeper levels of anesthesia.
Indeed, our results show that the lower frequencies of coupling (< 8 Hz), such as P 1 , P 2 or P 9 , and the higher frequencies of coupling (> 16Hz), such as P 27 , are the main determinants of the position of children along axis F1 of the MCA model (Figure 3, bottom) . The relationship established between the BIS values and axis F1 at 1 MAC sevoflurane ( Figure 4 and Table 1 ), suggests that the frequencies of coupling P 1 , P 2 , P 9 and P 27 are the main frequencies of the 12 EEG bispectrum used in the algorithm of Aspect™ to calculate the BIS. However, the structured model of the MCA shows the same frequencies of coupling were also linked to the age of children at 1 MAC sevoflurane. It should be noted that the frequencies P 1 , P 2 and P 9 of the MatBis also correspond to the frequencies of the classic Delta and Theta bands of the EEG and the frequency P 27 is included in the Beta band. The changes that occur in the power spectrum of the Delta, Theta and Beta bands with changes in concentration of isoflurane, desflurane and sevoflurane, have been reported in adults [11] . As the concentration of these inhalational agents is decreased the power spectrum in Delta and Theta bands also decreases, whereas the power spectrum in Beta band increases. Given that the current BIS algorithm is based on adult EEG data, it does not appear surprising that axis F1 of our MCA model (mainly dependant on the frequencies of coupling P 1 , P 2 , P 9 and P 27 ) is linked to the BIS. A recent study reports that the bispectral analysis gives no more information than the power spectral-based analysis. It is therefore possible to suggest that significant changes in the bands of frequencies of the classical spectrum that correspond to P 1 , P 2 , P 9 and P 27 would cause BIS to change significantly [12] .
In addition, our data shows that in children, changes induced by the decrease in sevoflurane concentration from 2 MAC to 0.5 MAC can be followed using different frequencies of coupling that are mainly linked to changes along axis F2 of the MCA model (P 16 or P 17, Figure   3 -bottom). The fact that age and weight were both linked to axis F1 allows us to establish that using the MatBis: 1) it is possible to discriminate mathematically between the effect of age and the effect of change in sevoflurane concentration on the EEG bispectrum and, 2) it might be possible to determine more accurately the depth of anesthesia in children when concentrations of sevoflurane are higher than 1 MAC. However, further studies are needed to 13 see whether these results remain valid with other anesthetics agents, or in the adult population.
Conclusion
The EEG bispectrum (MatBis) as well as the BIS (Aspect XP™) measured at 1 MAC sevoflurane appear to be strongly related to both the age and weight of children. Our results clearly demonstrate that it is mathematically possible to discriminate between the effect of age and the effect of change in sevoflurane concentration on the EEG bispectrum in children. A multiple correspondence analysis (MCA) is a statistical method used to explore the relationships between different entities represented by chosen variables. With such a tool, we thought it would be interesting to analyse the relationship between the EEG bispectra of children and their clinical variables. In order to establish and explain the potential links between BIS and the age of children, we decided initially to look at the main component of the BIS index, the matrix of the EEG bispectrum.
Firstly the reader must understand that whilst each child can be characterized by its clinical parameters, he or she can also be characterized by any other set of chosen variables. In our study we chose to characterize children by the 36 blocks of frequencies of coupling of the EEG bispectrum obtained at the steady state at 1 MAC (age-corrected) sevoflurane (T10) (see figure 1 ). We can then use a MCA to extract the common points between children when they are described by this set of principle variables.
In the first stage of the multiple correspondence analysis, the distribution of children in the multidimensional space, corresponding to the structured model of the MCA (Figure 3, top) , reveals similarities among subjects ( Figure A1 ). In the graphical representation of the MCA, if two children are close, they can be considered as being very similar in terms of the variables that place each of them in the structured model (i.e. the 36 blocks of frequencies of coupling of the EEG bispectrum).
In the second stage of the analysis, the MCA gives the contribution of each variable ( i. distributed along the same axis, they must be linked. In our study, for example, given that both "Age" and "BIS" are mainly distributed along Axis F1, we can say that the age and the value of the BIS are interdependent at 1 MAC of sevoflurane.
These points can be confirmed using two other statistical methods:
It is possible to establish the correlation coefficient between a chosen clinical variable for a child and his or her coordinates on one axis of the MCA (Table 1 and Figure A2 ). For example in this study, at the steady state at 1 MAC sevoflurane, both age and BIS were linked to axis F1 of the MCA. In contrast, the BIS was not significantly linked to axis F2. Thus, along any line parallel to axis F2 children will have similar values for BIS and similar ages. 
